ABSTRACT Multiplication of several amber mutants of bacteriophage T7 was decreased in two polyamine-deficient mutants of Escherichia coli K-12 carrying amber suppressors, relative to the multiplication ofwild type bacteriophage T7 in the same hosts. In contrast the same T7 amber bacteriophages multiplied well in these strains when supplemented with polyamines. The requirement for polyamines for optimal translation of amber codons in vivo was confirmed by showing that infection of polyamine-depleted E. coli with bacteriophage T7 carrying an amber mutation in gene I resulted in an increased accumulation ofthe amber fragment of the gene 1 protein and a decreased accumulation of the full-length gene 1 protein compared with infection of an aminesupplemented culture. These results indicate that one important function of polyamines in vivo is concerned with protein translation and the protein-synthesizing ribosomal complex.
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Although many effects ofputrescine and spermidine have been observed in in vitro systems (for references, see refs. 1-3), we still do not know the biological role of these amines in vivo. For this reason we have developed mutants of Escherichia coli that have deletions in the genes for the biosynthetic enzymes for these amines and hence contain no amines when grown in an amine-free medium (4, 5) . The organisms that we first described could grow indefinitely in the absence of amines but did so at a lowered growth rate.
One of the postulated roles for polyamines is an effect on some aspect of protein biosynthesis, and we decided to see if a role in protein synthesis could be demonstrated in amine-deficient mutants in vivo. In previous experiments (6), we showed that transduction of certain rpsL (strA)* alleles into an aminerequiring strain converted this organism from one with a partial requirement for amines for growth into one with an absolute requirement. Because rpsL mutations are known to cause defects in the S12 ribosomal protein and to affect the fidelity of translation in vitro and in vivo (8) (9) (10) , our studies suggested that polyamines might act by affecting the stability and conformation of the protein-synthesizing ribosomal complex.
The experiments in the present paper examined the effect of polyamines on translation from a different point of view: namely, does polyamine deprivation affect the translation of amber codons in vivo? We have shown that, in E. coli, polyamine deficiency causes a marked decrease in the multiplication of some amber mutants of bacteriophage T7, compared to the multiplication ofwild type bacteriophage T7, even though these bacterial strains contain a suppressor. However, when these strains are grown in the presence of polyamines, they are suitable hosts for the amber mutants of bacteriophage T7 as well as the wild type. These results indicate that polyamines are required for the optimal translation of an amber codon in a strain carrying a suppressor and support the hypothesis that an important function of the polyamines is concerned with the protein-synthesizing ribosomal complex.
MATERIALS AND METHODS
The strains used in this study are listed in Table 1 . HT306 is the strain that we described previously (5) and has the genotype A(speA speB) A(speC gic) AspeD cadA supE rpsL. After depletion of the endogenous polyamines, HT306 can grow indefinitely at a decreased growth rate (doubling time at 370C in M9 medium, 7-10 hr). For the experiments reported in this paper, HT306 was grown with shaking in this medium at 370C for 3 days to a titer of 5 x 108 bacteria per ml (OD540 nm = 0.5). After this growth period the bacteria contained no residual putrescine, spermidine, or cadaverine (5) .
HT411 is a strain that we have recently isolated (unpublished data) as a spontaneous streptomycin-resistant mutant of HT395; it has the genotype A(speA speB) A(speC gic) rpsL sup. Frozen stock cultures of this strain were prepared by growing HT411 on LB plates containing streptomycin sulfate (100 ,ug/ml) at 30°C; after48 hr, the bacteria were suspended in a small amount of LB medium containing 40% glycerol and stored at -70°C. For each experiment, aliquots of this frozen stock were grown in 20 ml ofM9 medium (11) for approximately 24 hr with shaking at 30°C in the presence or absence of amines; the amine-supplemented medium contained 0.5 mM putrescine and 50 ,uM spermidine. The growth rates of these cultures at 30°C are shown in Fig. 1 . t We have found (unpublished data) that cultures of HT411 develop "bypass" organisms that outgrow the rest ofthe culture. These bypass organisms still have no amines but have a new mutation that permits faster growth. Development of these bypasses is minimized by the culture conditions described above.
Because the amine-supplemented and amine-deprived cultures grew at different rates, the size of the inoculum was adjusted so that the cell count at the end ofthe 24-hr growth period Abbreviation: pfu, plaque-forming unit(s).
* Gene designations are as described by Bachmann and Low (7): speA, arginine decarboxylase; speB, agmatine ureohydrolase; speC, ornithine decarboxylase; speD, adenosylmethionine decarboxylase; cadA, lysine decarboxylase; and rpsL (strA), streptomycin resistance. t We also have found a temperature-dependent absolute requirement for amines for growth ofHT411 upon shifting the temperature to 430C. The experiments were comparable to those described in Fig. 1 , except that aliquots of the cultures were shifted to 43°C after 18 hr at 30°C. The cells in the amine-free medium stopped growing after 1-2 hr at 43°C; the amine-supplemented cells continued to grow indefinitely. This temperature sensitivity, however, does not affect the data in the present paper because no incubations were at this temperature. This characteristic ofthis strain will undoubtedly be useful for other studies on the function of polyamines.
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It should be noted that during the 24-hr growth period the original amine-containing cells in the stock culture were diluted only 1: 1,000 to 1: 2,000 and hence the "amine-free" culture was still not completely free of residual putrescine and spermidine when the culture was used for the experiments described in this paper. HT395 is the rpsL' parent of HT411 and, as reported (6), grows indefinitely in the absence ofpolyamines. Cultures were prepared essentially as described above for HT411.
Bacteriophage T7 mutants were obtained from Stanley Tabor and Charles Richardson [originally from the collection of F. William Studier (12) (13) (14) ]. These phage were grown in E. coli 011' in LB broth essentially as described by Studier (12) and were then concentrated either by centrifugation or by polyethylene glycol precipitation. Because high salt concentrations (1 M NaCl) were used (12) in the preparation ofthe bacteriophages and because T-odd bacteriophages are known to be permeable to salts and to amines (15, 16) , we assume that the 17 preparations were free of polyamines.
LB and M9 media were as described (11) We then tested the multiplication ofthe same amber mutants of bacteriophage T7 in another polyamine-deficient strain, HT411, which has a different genetic background (Table 3 ). In the absence of amines, wild type phage multiplied well. However, in these same cells no multiplication of bacteriophage T7 gene 3-am29 was observed; in fact, the titer of the infective centers decreased slowly. This defect in the multiplication of gene 3-am29 phage was largely, but not completely, overcome when the host cells had been grown with amines before infec- was not as pronounced as with the gene 3-am29 phage. We also measured the multiplication ofT7 gene 3-am29 bacteriophage in amine-deficient cells (HT411) in the presence of streptomycin (100 ,ug/ml). The results (not presented) were essentially the same as with the amine-deficient cells in Table 3 , indicating that the polyamines could not be replaced by streptomycin.
Because both HT306 and HT411 are streptomycin-resistant (rpsL) strains, we then tested HT395, the rpsL+ parent of HT411, to determine if the ribosomal changes associated with rpsL mutations are required for the defect in the multiplication of amber bacteriophages. As shown in Table 4 , the rpsL mutation is not required because in an amine-depleted culture of HT395 there was no multiplication of gene 3-am29 bacteriophage T7. (Although in other experiments we observed a slightly higher multiplication of bacteriophage T7 gene lam342 and 17 gene 4-am208 in amine-deficient cultures of HT395 than in comparable cultures of HT411, the increases observed were too small to be interpretable without more extensive assays.)
In order to show more directly that the effect of the polyamine deprivation was on the formation of the gene product, we examined the protein products of T7 gene 1-am342 by autoradiography after sodium dodecyl sulfate/polyacrylamide gel electrophoresis (Fig. 2) . Bacteriophage 17 gene 1-am342 was used, even though polyamine deficiency had only a small effect on the multiplication ofthis bacteriophage, because Studier (14) had shown that the full-length gene 1 product (RNA polymerase) and the amber fragment formed by T7 gene lam342 are easily seen in the electrophoretic pattern. Fig. 2 (12) (13) (14) . In our experiments the amber fragment appeared to be a doublet (indicated by the lower arrow). As expected, the decrease in the gene 1 product resulted in a decrease in a large number of other T7 protein bands because the gene 1 product (RNA polymerase) is required for expression of all of the late genes (13) . In contrast to these results, when polyamine-supplemented cells were infected with T7 gene 1-amr342 bacteriophage, the full-length gene 1 protein equaled the amber fragment in intensity (lane 6). Quantitative scanning ofthe gene 1 products in lanes 3 and 6 showed a 3-fold increase in the ratio of the full-length gene 1 product to the amber fragments in cells grown in amine-supplemented medium, when compared to the ratio in amine-deprived cells.
Essentially similar results were found when T7 gene 1-am342 bacteriophage infected HT306 (Fig. 2 Right) . The accumulation of the amber gene 1 fragment relative to the full-length gene 1 product in amine-deficient cells is shown in lane 3. The relative increase in the synthesis of the full-length protein in the presence of amines is shown in lane 6. Quantitative scanning ofthe gene 1-products in lanes 3 and 6 showed a 5-fold increase in the ratio offull-length gene 1 product to amber fragments in the cells grown in amine-supplemented medium. When wild type T7 bacteriophage was used, only the full-length gene 1 product was seen in both the amine-depleted and amine-supplemented cells.
Because similar results might have been obtained if the fulllength protein containing the amino acid introduced by the suppressor tRNA were unstable in the absence of the amines, we repeated the experiment reported in lane 3 of Fig. 2 Left but also followed the protein pattern for 30 min after adding a chase of0.7 ,umol of nonisotopic methionine. The radioactivity in the Mr 103,000 band in the polyamine-deficient strain did not decrease during the 30-min chase.
Biochemistry: Tabor . Cells were grown with or without amines. Each culture (7 ml, 5 x 108 cells per ml) was irradiated for 13 min as described by O'Farrell et al. (17) and protected from light in all subsequent steps. Aliquots (1.7 ml) from each culture were placed in three 50-ml flasks and incubated for 10 min at 3000 (HT411) or 3700 (HT306) with shaking. Bacteriophage T7 gene 1-am342 was added to flask 2 of each set, and bacteriophage T7 (wild type) was added to flask 3 of each set at a multiplicity of infection of 8. DL-[3"S]Methionine (12 PCi, 1, 120 mCi//imol; 1 Ci = 3.7 x 10'°becquerels) was added immediately to each flask, and the culture was incubated at 370C for 8 min (HT411) or 6 min (HT306). Unlabeled L-methionine (0.7 ,umol) was then. added to each flask, and the cultures were transferred to 1.5-ml Eppendorf tubes and immediately centrifuged for 3 min at 12,000 rpm in an Eppendorf centrifuge. The pellets were suspended in 0.2 ml of a sodium dodecyl sulfate/Tris buffer (14) and heated at 10000 for 2 min. Samples were run on 10% polyacrylamide vertical gels with a modified Laemmli system (18 
DISCUSSION
These results demonstrate that polyamine deficiency decreases the translation in vivo of amber codons in a host containing an amber suppressor. This leads to decreased.multiplication of T7 bacteriophage containing certain amber mutations, compared to the multiplication ofT7 wild type bacteriophage in the same amine-deficient host. This abnormality is largely corrected by growth in the presence of polyamines. A likely explanation for these results is that.polyamines are required for the efficient translation of an amber codon even in a strain carrying a suppressor gene. These findings, together with our previous studies showing that an rpsL mutation can convert a partial requirement for amines into an absolute requirement for polyamines for growth, are consistent with the postulate that an important function ofpolyamines is concerned with their interaction with one or more of the components involved in protein synthesis. Although the current work does not define the specific interaction of polyamines, by analogy with various in vitro systems it seems likely that the binding of the polyamines to the negatively charged RNA results in a change in conformation, and probably a greater.stability, of the total complex. The presence or absence ofpolyamines might lead to differences in-the affinity of a suppressor aminoacyl-tRNA for an. amber codon or to a change in the competition between such a charged tRNA and releasing factors. The data also. could be explained by an effect of polyamines on the synthesis of the suppressor aminoacyltRNA, if the concentration of the latter were rate-limiting.
There have been a number of studies on the effects of polyamines on various steps in protein synthesis in vitro, including initiation (19, 20) and translation (21), on tRNA structure (22) (23) (24) (25) , on tRNA aminoacylation (26) , and on the fidelity of translation (27) (28) (29) . (For additional references see the articles cited in refs. 1-3.) Ofparticular relevance to the present work are the in vitro studies by Morch and Benicourt (30) in which spermine sand spermidine were shown to stimulate the read-through of amber termination codons on viral rnRNA. Hirashima et al (31) also observed increased synthesis of the read-through protein of QB in a cell-free system upon addition of polyamines, and a recent abstract by Hryniewicz et al (32) reported that spermidine stimulates the read-through of p-globin mRNA in an in vitro protein-synthesizing system. Only a few reports have been concerned with the effect of polyamines on protein synthesis in vivo. In particular, Young and Srinivasan (33) reported that, when amines were added to partially amine-deficient bacteria (34) , protein synthesis increased before the synthesis of DNA and of RNA. In a partially amine-deficient mutant, Jorstad and Morris (35) found that the rate of elongation of the peptide chain was decreased, and Goldemberg and Algranati (28) found a relative decrease in the formation ofproteins with ahigher molecularweight. Echandi and Algranati (21) showed that the 30S ribosomal subunit-was partially defective in polyamine-deficient bacteria, and Igarashi et al. (36) attributed this defect to a decrease in the amount of S1 ribosomal protein. These studies were somewhat complicated, however, because the amine-supplemented and amine-deprived strains were growing at different rates. In contrast, the Proc. Natl. Acad. Sci. USA 79 (1982) system used in the present work has the important advantage that comparisons were made between wild type phage and amber phage replication in parallel amine-deficient cultures growing at the same rate.
Although the data in this paper are restricted to our demonstration that polyamines are involved in the translation of certain amber codons in a bacteriophage system, it seems likely that an effect of polyamines on translation might occur more generally. Thus, one may postulate that a comparable action on protein biosynthesis in growing bacteria accounts for the low growth rate found with our polyamine-deficient strains. However, it is important to emphasize that, even though the present data clearly show the involvement of polyamines in one aspect ofprotein biosynthesis in vivo, our experiments do not exclude other possible functions for polyamines in vivo.
